We present X-ray spectroscopic evidence for the evolution of valence-specific spin states and tetragonal distortions in single-layer cobaltates. Measurements of Co L3-edge resonant inelastic Xray scattering reveal the t2g electronic structure of Co for hole-doped La2−xSrxCoO4 (x = 0.5, 0.7 and 0.8). As the Sr-doping x increases, the tetragonal splitting of the t2g states of high-spin Co 2+ decreases, whereas that of low-spin Co 3+ increases and the fraction of high-spin Co 3+ increases. The results enable us to clarify the origin of the change of magnetic anisotropy and in-plane resistivity in a mixed-valence cobaltate caused by the interplay of spin-orbit coupling and tetragonal distortion.
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In strongly correlated 3d-transition-metal oxides, orderings of charge, spin and orbital degrees of freedom compete and cooperate with each other through coupling with the lattice [1, 2] . In particular, the orbital degeneracy and its lifting due to an external lattice distortion or a Jahn-Teller (JT) effect leads to various electronic or lattice instabilities. For instance, perovskite manganites exhibit various spin structures and complicated phase diagram arising from the orbital degree of freedom [3] [4] [5] . In addition, the spin-orbit coupling in compounds in which the t 2g orbitals are partially filled gives rise to a specific change in magnetic anisotropy as the distortions caused by the JT effect have effect typically opposite to those due to the spin-orbit interaction [6] [7] [8] . Doping holes into a K 2 NiF 4 -type antiferromagnetic Mott insulator typically leads to novel phases, the most striking example being high-transition-temperature superconductors [2, 9, 10] . Single-layer perovskite"214" cobaltates La 2−x Sr x CoO 4 are also K 2 NiF 4 -type hole-doped Mott insulators and have attracted much attention because they share unusual physical properties with cuprates: checkerboard-type charge ordering [11] [12] [13] , hourglassshaped spin excitations [14] [15] [16] [17] and nanoscale-phase separation [12, [17] [18] [19] . Apart from the general features common for many 214 systems, the cobaltates have yet very specific properties due to the existence of several competing spin states of Co 3+ -magnetic high spin (HS) and non-magnetic low spin (LS) states, as discussed below. This makes the behaviour of these systems even richer.
The crystal structure of these layered cobaltates is illustrated in Fig. 1(a) . The competition between crystalfield splitting 10Dq and intra-atomic Hund's exchange interaction J H dictates the spin state of Co ions in La 2−x Sr x CoO 4 [20, 21] . Figure 1(b) shows the electronic energy levels of Co 2+ and Co 3+ under the D 4h crystal field according to a one-electron picture. The e g and t 2g
states of Co 3d are further split by the tetragonal lattice distortion typical for all layered systems of 214 type; these splittings are denoted ∆ eg and ∆ t2g , respectively. For a HS Co 2+ or Co 3+ ion, the JT distortion yields an additional contribution to the t 2g splitting. La 2−x Sr x CoO 4 is a strong insulator for all Sr doping concentrations; at half doping, x = 0.5, it possesses the largest resistivity [23] because of checkerboard-type charge ordering of Co 2+ and Co 3+ , leading to the spin blockade [24, 25] . In addition, the system exhibits pronounced magnetic anisotropy arising from band structure and spin-orbit coupling [7] . Various experimental techniques including neutron scattering [11] [12] [13] [26] [27] [28] , magnetic susceptibility [7, 23, 29] and X-ray absorption spectroscopy (XAS) [25] have been applied to study the electronic structures that underlie the phase diagram of La 2−x Sr x CoO 4 . The elucidation of the change of the spin-state and electronic properties of Co 2+ and Co 3+ ions in response to the change of hole doping remains, however, a challenging task. To clarify this question is the main goal of the present investigation.
Resonant inelastic X-ray scattering (RIXS) is an effective spectroscopic method to measure excitations of correlated-electron materials derived from charge, spin, orbital and lattice degrees of freedom [30] . A series of Co L 3 -edge RIXS measurements recently enabled the unraveling of the valence and spin states of Co oxides in relation to their physical properties [21, [31] [32] [33] [34] [35] . These levels are presented in a one-electron picture excluding the spin-orbit interaction. The tetragonal splittings can be expressed as ∆e g = 4Ds + 5Dt and ∆t 2g = 3Ds − 5Dt in terms of parameters Ds and Dt according to the Ballhausen notation [22] .
Single crystals of La 2−x Sr x CoO 4 were grown by the floating-zone method [36] . The crystals were cut and polished for x = 0.5 or naturally cleaved for x = 0.7 and 0.8 with the sample surface in the ab plane. We recorded Co L 2,3 -edge XAS using the partial-fluorescence-yield method at Taiwan Light Source (TLS) beamline 08B of National Synchrotron Radiation Research Center (NSRRC) in Taiwan. The XAS energy resolution was ∼ 0.3 eV. We performed Co L 3 -edge RIXS with the AGM-AGS spectrometer [37] at TLS beamline 05A of NSRRC. The total energy resolution of RIXS was 90 meV; the base pressure of the RIXS chamber was 1×10 −8 torr. Samples were cooled to 20 K with liquid helium. The RIXS scattering plane was in the ac plane of the sample crystal; the incident and scattering angles were set to 20 • and 90 • , respectively. The electric-field vector ε of the incident beam was parallel or perpendicular to the scattering plane for π and σ polarizations, respectively. Figure 2 shows the Co L 2,3 -edge XAS of La 1.5 Sr 0.5 CoO 4 and of the reference compounds: Sr 2 CoO 3 Cl, EuCoO 3 and CoO, which show spectra of HS Co 3+ , LS Co 3+ and HS Co 2+ ions, respectively. Co L 2,3 -edge XAS spectra of La 1.5 Sr 0.5 CoO 4 with ε ⊥ c and ε c reproduce spectral features as so far reported [25] ; There exist four pronounced features in the XAS of La 1.5 Sr 0.5 CoO 4 . We focus on two features marked with vertical bars at 778 eV denoted (L 3 − 3) and 780.5 eV denoted (L 3 − 0.5) to unravel the contributions of HS Co 2+ and LS Co 3+ to the measured XAS. Among the XAS of reference samples, CoO has a much stronger XAS feature at (L 3 − 3) than the others: the XAS feature at (L 3 − 3) is derived mainly from the Co 2+ tion to the elastic scattering, there exist distinct RIXS features at energies about 1 eV and 0.2 eV. The former is derived from electronic transitions of Co 2+ from the HS ground state t 5 2g e 2 g of symmetry 4 T 1g to a HS excited state t 4 2g e 3 g of symmetry 4 T 2g ; its excitation energy is the energy required to promote a t 2g electron to an e g orbital, i.e., 10Dq. The 0.2-eV excitation arises from transitions of Co 2+ within the t 2g manifold; their excitation energies are thus affected by the tetragonal distortion but are insensitive to 10Dq. Measurements of these RIXS excitations lead us to determine unambiguously the values of 10Dq and ∆ t2g . We simulated the RIXS spectra of HS Co 2+ with a configuration-interaction CoO 6 cluster model that includes the full atomic multiplets and the hybridization with the O 2p ligands [38, 39] . The calculated spectra plotted in Fig. 3(b) show two distinct excitations at energies near 0.2 eV and 1 eV, in satisfactory agreement with the RIXS measurements. The measured spectrum is best described with calculations using parameters 10Dq = 0.7 eV and ∆ t2g = 122 meV for HS Co 2+ at half doping. In addition, the change of Sr doping x results in a shift of the excitations at 0.2 eV and 1 eV to lower energies in response to the change of the Co electronic structure. A comparison of these spectra with calculations shows that both the tetragonal splitting ∆ t2g and the crystal field 10Dq decrease for x increasing from 0.5 to 0.8; i.e., ∆ t2g changed from 122 meV to 47 meV and 10Dq from 0.7 eV to 0.65 eV. These results reveal that, for HS Co 2+ , the tetragonal distortion of CoO 6 octahedra decreases; its in-plane Co-O bond length increases when the Sr doping x is increased.
In La 2−x Sr x CoO 4 , Co 3+ can be in either the LS or the HS state. For large 10Dq, the electronic configuration energetically favors the LS state, whereas the HS state is stabilized with an increased J H , or a decreased 10Dq.
Co L 3 -edge RIXS measuements have been demonstrated to be an effective method to probe the spin state of Co 3+ in LaCoO 3 [21] . Here we further examined the local electronic structure of Co 3+ in La 2−x Sr x CoO 4 , and its spin state, by tuning the incident photon energy to (L 3 − 0.5). Figure 4 (a) shows the RIXS spectra of La 2−x Sr x CoO 4 . We selected incident X-rays of π polarization to suppress the elastic scattering and to enhance relatively the RIXS excitations. The structures above 2 eV overlap with fluorescence. Similar to the RIXS measurements of LaCoO 3 that we reported previously [21] , there exist clear but broad excitation features at 0.6 eV, 1 eV and 1.6 eV; they are spectroscopic evidence for the LS ground state of Co 3+ . All these, in the one-electron picture, are t 2gto-e g transitions. The 1.6-eV excitation is derived from a transition of low-spin 1 A 1g ground state to another lowspin state of symmetry 1 T 1g without involving spin flips. Its excitation energy depends on the combined effect of 10Dq, pd hybridization and the effective on-site Coulomb energy U dd [21] , but is less sensitive to the tetragonal distortion. The 1-eV excitation involves spin flips, resulting from transitions to the intermediate-spin (IS) 3 T 2g states. Its excitation energies decrease with increased tetragonal distortion. Figures 4(b) and 4(c) show calculated RIXS spectra of LS and HS Co 3+ ions, respectively. We used parameter values typical for Co 3+ compounds [38] . The 10Dq and ∆ t2g of LS Co 3+ are 1.61 eV and 10 meV, respectively, for x = 0.5. The calculated RIXS spectra of LS Co 3+ agree well with the measured spectra, corroborating the aforementioned symmetry explanation of excited states. In contrast, the calculated RIXS spectrum of HS Co 3+ is dominated by elastic scattering and excitations of energy less than 0.1 eV, and fails to account for the measurements. This observation indicates that the Co 3+ ions in the checkerboard-type charge ordering of La 1.5 Sr 0.5 CoO 4 are in the LS state, in satisfactory agreement with the results of neutron scattering [11] and XAS [25] , which explain the extremely insulating nature of La 1.5 Sr 0.5 CoO 4 according to the spin-blockade mechanism.
The combined results of RIXS measurements and cluster calculations reveal that the LS Co 3+ ion has a larger crystal-field splitting 10Dq than the HS Co 2+ ion; this condition reflects the low-spin character of Co 3+ , which leads to a much smaller ionic size and shorter Co-O bonds. In addition, both CoO 6 octahedra of HS Co 2+ and LS Co 3+ show a tetragonal distortion in which the apical Co-O bond is elongated along the c-axis owing to the tetragonal lattice structure [40] . The t 2g splitting ∆ t2g defined in Fig. 1(b) for both cases is positive. Furthermore, the JT effect on the HS Co 2+ modifies the t 2g splitting, whereas LS Co 3+ is JT-inactive. We found that the ∆ t2g value for HS Co 2+ at half doping is larger than that for LS Co 3+ ; these values are 122 meV and 10 meV, respectively.
For highly hole-doped La 2−x Sr x CoO 4 , the effective magnetic moment per Co ion is found to be substantially decreased from 3.87 µ B at x=0.5 to ≈ 2.6 µ B when x is changed to 0.8, accompanied by a steep decline of the in-plane resistivity [23] . In this regime, the checkerboard charge order breaks down; there exist incommensurate charge correlations [12] . These severe changes of the magnetic and electronic properties indicate the existence of HS Co 3+ , which might lead to incommensurate spin correlations, and a large pd hybridization.
We used RIXS to investigate also the doping dependence of the Co spin state. The intensity changes of the RIXS features shown in Fig. 4(a) provide a measure of the population changes of LS Co 3+ and HS Co 2+ , as plotted in Fig. 5(a) . The 0.2-eV RIXS excitation arises from transitions within the t 2g manifold of HS Co 2+ ; its intensity change reflects the change in the population of HS Co 2+ . When the Sr doping x is altered from 0.5 to 0.8, the intensities of the 0.2-eV and the 1.6-eV RIXS features decrease by 48 % and increase by 20 %, respectively, revealing that the population of LS Co 3+ increases to 60 % and that of HS Co 2+ decreases to 20 %. In addition, the intensity of quasi-elastic scattering is decreased by only 17 %, smaller than the observed 48 % decrease in the 0.2-eV RIXS excitation, providing evidence for the existence of HS Co 3+ in highly doped La 2−x Sr x CoO 4 . These intensity changes are summarized in Table I . From the population changes of LS Co 3+ and HS Co 2+ , the populations of HS Co 3+ for x = 0.7 and 0.8 are estimated to be 10 % and 20 %, respectively. Our RIXS results indicate a significant population of the HS Co 3+ state in highly Sr-doped La 2−x Sr x CoO 4 , in agreement with the evidence from XAS results [12] . Figure 5 (b) shows that the ∆ t2g splittings of HS Co 2+ and LS Co 3+ have opposite trends of hole-doping dependence. ∆ t2g of LS Co 3+ increases from 10 meV to 159 meV for x altered from 0.5 to 0.8. This significant increase in ∆ t2g reflects the substantially decreased resistivity in the highly doped regime. As the Sr concentration is increased, there is a tendency for the doped holes of Co 3d to move predominantly in the ab-plane to gain band energy. The contraction in the ab-plane is consequently favorable; the tetragonal distortion is increased with increased Sr doping for LS Co 3+ . The observed evolution of a tetragonal distortion explains the change of magnetic anisotropy from half doping to heavy doping or the limit at x = 1. Because the spin-orbit coupling of Co 3d is of the same order of magnitude as the t 2g splitting, a single-electron state in the partially filled t 2g shell can have an unquenched orbital moment. In this scheme, a t 2g state is better expressed in terms of a complex linear combination of |xy , |yz and |zx . Wave functions denoted |d x ±1 , |d y ±1 and |d z ±1 with an effective orbital momentum l = 1 can be formed for the orbital moment quantized along axes x, y and z, respectively [6, 7, 41] . At half doping, the magnetic anisotropy is dictated by HS Co 2+ , which has one hole in the t 2g orbitals. Because of the inherent elongation of the CoO 6 octahedron in the tetragonal lattice structure and the spin-orbit interaction, a t 2g hole originally in the |xy orbital with no magnetic anisotropy acquires the |d x ±1 or |d y ±1 orbital character and an orbital moment in the ab-plane becomes energetically favorable [6] [7] [8] . HS Co 2+ consequently exhibits a magnetic anisotropy in that the in-plane susceptibility χ ab is larger than the out-of-plane one χ c . In a highly doped phase in which HS Co 2+ is largely replaced by Co 3+ , this tendency is decreased. One can similarly argue that the HS Co 3+ favors an elongated CoO 6 octahedron and a spin along the c-axis. There is one hole in the degenerate |yz and |zx orbitals, as illustrated in Fig. 1(b) . If the spin-orbit interaction is included, this hole has an unquenched orbital moment in the z direction through the formation of |d z ±1 , leading to an easy axis of magnetization along the c-axis. To verify the above arguments, we compared the energy change of HS Co 3+ under an external magnetic field by using atomic multiplet calculations. The energy of HS Co 3+ under a field of 1 T along the z-axis is lower than that without an external field by 0.21 meV; it, however, remains unchanged if the field along the x-axis. Therefore a magnetic anisotropy of χ c > χ ab is expected in the heavily doped regime, consistent with the magnetic-susceptibility measurements of LaSrCoO 4 [42].
In summary, by tuning the resonant energy, RIXS was exploited to probe the electronic structure of transitionmetal ions of specific valence in a mixed-valence compound. We obtained the crystal-field and tetragonaldistortion energies of Co 2+ and Co 3+ separately, and demonstrated gradual transition of Co 3+ from the lowspin to a high-spin state with increasing Sr concentration. The crystal-field splittings 10Dq of LS Co 3+ and HS Co 2+ are 1.61 eV and 0.7 eV at half doping, respectively. The tetragonal t 2g splittings of HS Co 2+ and LS Co 3+ have opposite trends of hole-doping dependence. For the doping x altered from 0.5 to 0.8, ∆ t2g of LS Co 3+ increases from 10 meV to 159 meV, while that of HS Co 2+ decreases from 122 meV to 47 meV. These results enable us also to unravel the underlying mechanism of the change of magnetic anisotropy and in-plane resistivity of La 2−x Sr x CoO 4 through the interplay of the tetragonal distortion of the spin-orbit coupling.
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